Deo SH, Jenkins NT, Padilla J, Parrish AR, Fadel PJ. Norepinephrine increases NADPH oxidase-derived superoxide in human peripheral blood mononuclear cells via ␣-adrenergic receptors. Am J Physiol Regul Integr Comp Physiol 305: R1124 -R1132, 2013. First published September 25, 2013 doi:10.1152/ajpregu.00347.2013.-Many diseases associated with sympathoexcitation also exhibit elevated reactive oxygen species (ROS). A recent animal study indicated that exogenous administration of the sympathetic neurotransmitter norepinephrine (NE) increased systemic ROS via circulating leukocytes. The mechanisms contributing to this effect of NE and whether these findings can be translated to humans is unknown. Thus we tested the hypothesis that NE increases superoxide production in human peripheral blood mononuclear cells (PBMCs) via NADPH oxidase. Primary human PBMCs were freshly isolated from healthy young men and placed in culture. After NE (50 pg/ml, 50 ng/ml, and 50 g/ml concentrations) or control treatments, NADPH oxidase mRNA expression (gp91 phox , p22 phox , and p67 phox ) was assessed using realtime RT-PCR, and intracellular superoxide production was measured using dihydroethidium fluorescence. PBMCs were also treated with selective adrenergic agonists-antagonists to determine the receptor population involved. In addition, CD14
contrast, to our knowledge, little consideration has been given to the potential ability of the sympathetic neurotransmitter norepinephrine (NE) to increase oxidative stress. In this regard, Schraml et al. have shown that, when rats were implanted subcutaneously with tablets releasing NE, oxidative stress in circulating leukocytes was significantly increased (40) . These findings suggest a possible role for elevated plasma NE, as a consequence of sympathoexcitation, to increase systemic reactive oxygen species (ROS) formation in circulating immune cells. Indeed, peripheral blood mononuclear cells (PBMCs), particularly monocytes, have been shown to produce systemic ROS in conscious mice via an NADPH oxidase pathway (47) . However, whether NE stimulates PBMCs and activates NADPH oxidase to increase ROS is unknown.
Thus, in the present study, a series of protocols were performed using freshly isolated primary human PBMCs in culture to test the hypothesis that NE increases superoxide production in human PBMCs. First, we examined the effect of NE treatment in varying concentrations on NADPH oxidase gene expression and intracellular superoxide production in PBMCs with and without NADPH oxidase blockade. Next, to determine the adrenergic receptor population and intracellular signaling events involved in mediating NE responses, studies were repeated with selective adrenergic agonists-antagonists and the protein kinase C inhibitor Staurosporine, respectively, with the latter being integral to ␣ 2 -adrenergic receptor signaling in PBMCs (23) . Last, in an attempt to begin to understand some of the functional implications of this work, we examined the influence of NE treatment on monocyte-endothelial cell adhesion.
METHODS

General Procedures
Blood draws were taken on multiple days from seven young healthy men (age, 30 Ϯ 1 yr; body mass index, 26 Ϯ 2 kg/m 2 ). Subjects were nonsmokers and were recreationally active (Ͻ3 days/ wk) but not training competitively. None of the subjects had a history or symptoms of cardiovascular, pulmonary, metabolic, or neurological disease, and none were taking medication. After receiving a detailed verbal and written explanation of the intended experimental protocol, each subject provided written, informed consent. All experimental procedures and protocols conformed to the Declaration of Helsinki and were approved by the University of Missouri Health Sciences Institutional Review Board. On experimental days, subjects arrived at the laboratory in the morning after an overnight fast and without alcohol and physical activity for 24 h. Subjects were positioned supine in a quiet, temperature-controlled room (22-23°C) , and after a minimum of 10 min, 60 ml of blood were obtained from the antecubital vein and collected in sodium heparin tubes.
Isolation of PBMCs
Primary PBMCs were freshly isolated from whole blood with density gradient centrifugation using Histopaque (Sigma, St. Louis, MO) at 600 g for 30 min at room temperature followed by three washes in sterile Dulbecco's PBS (Invitrogen, Life Technologies) solution. Cells were counted using the trypan blue (Sigma) exclusion method (42, 43, 45) to quantify cell counts before and after protocols.
Cell Culture
Primary PBMCs were incubated at 37°C in enrichment medium (RPMI 1640; Invitrogen, Life Technologies) supplemented with 10% fetal bovine serum and antibiotics. Subsequently, the cells were then treated with NE at various concentrations over several time points (see Figs. 1 and 2, and detailed protocols below). Briefly, a stock solution of NE (50 mg/ml) was prepared in 0.5 M HCl, which was further diluted with PBS to make 50 g/ml, 50 ng/ml, and 50 pg/ml concentrations. Of note, the range of NE in healthy and diseased populations is quite large, ranging from 100 pg/ml to 1 ng/ml (9, 12, 30, 34) , and, therefore, falls within the NE concentration range of 50 pg/ml to 50 ng/ml in our study. The 50 ng/ml to 50 g/ml concentration range can be considered as supraphysiological; however, this range is similar to those used in previous studies examining NE effects in cell culture (24, 28) . The PBS solution (vehicle) devoid of NE was considered as control treatment for all conditions.
Assessment of NADPH Oxidase Gene Expression by Real-Time RT-PCR
To determine the effect of NE on NADPH oxidase gene expression in PBMCs, ϳ3 ϫ 10 6 cells per well were plated in 96-well plates. Total RNA was extracted using QIAmp RNA Blood Mini kit (Qiagen), according to manufacturer's instructions. Subsequently, total RNA was reverse transcribed using A5300 kit (Promega), and 5 ng of cDNA from each sample was then assayed for the determination of gene expression. mRNA levels of NADPH oxidase subunit genes (gp91 phox , p22 phox , and p67 phox ) were determined using gene-specific primers and Taqman chemistry (Taqman Gene Expression Assays, Life Technologies). The amplification program included the initial denaturation step at 95°C for 20 min, 40 cycles of denaturation at 95°C for 10 s, and annealing/extension at 60°C for 20 s. Fluorescence was measured at the end of each extension step. After amplification, melting curves were acquired and used to determine the specificity of PCR products. Real-time PCR was performed using A7900 Fast Real Time PCR System (Applied Biosystems). 18S rRNA was chosen as the internal control for these gene expression experiments because the cycle threshold (Ct) values for GAPDH were consistently high (Ͼ30 cycles), indicating very low expression and large variability. In contrast, 18S rRNA had much lower Ct values (ϳ17 cycles) and was quite stable with no significant differences between and within treatments as well as across time courses. For example, at 1 h, the Ct values for 18S rRNA during control and NE (pg/ml, ng/ml, and g/ml) treatments ranged from 17.2 Ϯ 0.3 to 17.5 Ϯ 0.5 cycles. Likewise, at 24 h, the Ct values ranged from 16.5 Ϯ 0.4 to 17.1 Ϯ 0.6 cycles. In addition, primer amplification efficiencies were compared between 18S rRNA and all target genes for the validation of ⌬Ct calculation. A plot of the log cDNA dilution vs. ⌬Ct (target gene Ct Ϫ 18S rRNA Ct) (27) was made, and the slope of each relationship was close to zero, indicating that the efficiencies for target genes compared with 18S rRNA were similar.
Detection of Intracellular Superoxide Levels
Superoxide measurements were performed in duplicate according to previously published methods (21, 48) . Briefly, ϳ1.5 ϫ 10 6 cells were incubated with 5 M dihydroethidium (DHE; Life Technologies) and drug or control (PBS only) treatments in a final volume of 300 l of serum-free PBS for 60 min at 37°C. Excess DHE was removed by centrifugation at 500 g for 5 min, and cells were resuspended in 300 l of PBS. Superoxide fluorescence was measured on a fluorescent plate reader (Spectramax M2, Molecular Devices) using excitation and emission filters of 544 and 612 nm, respectively (21, 48) . At the end of each time point, cells were recounted, and the cell number was confirmed to be similar compared with the 0-h time point. The overall intra-assay coefficient of variation for DHE fluorescence was determined to be 26 Ϯ 3% in control samples (PBS only). In contrast, the effect size following NE treatments ranged from 89 to 288%, indicating that the NE-induced increase in superoxide production was significantly above the variability for the control signal. In addition, adequate sample size was achieved, as evidenced by power analysis (treatment ϫ time) that was estimated to be above 0.8. determine ␣1 contributions. Thus Doxazosine (10 M), yohimbine (0.1 M), metoprolol (0.1 M), and ICI 118551 (0.1 M) were used as selective antagonists to block ␣1-, ␣2-, ␤1-, and ␤2-adrenergic receptors, respectively. The nonselective ␤-adrenergic antagonist propranolol (1 M) and the selective ␣1-and ␣2-adrenergic agonists phenylephrine (10 M) and clonidine (100 M), respectively, were also used to further delineate the involvement of ␣-adrenergic receptors in mediating the NE-induced increase in superoxide. Intracellular superoxide production was measured at 1, 12, 24, and 36 h (protocol 2; Fig. 2 ). All adrenergic receptor agonists and antagonists were obtained from Sigma.
PROTOCOL 3: TO DETERMINE WHETHER PROTEIN KINASE C (PKC) IS INVOLVED IN MEDIATING NE-INDUCED INCREASES IN SUPEROXIDE
PRODUCTION IN PBMCS. After the 30-h incubation in media, cells were treated with PBS (control), NE (50 g/ml), or NE (50 g/ml) ϩ selective PKC inhibitor Staurosporine (10 nM; Calbiochem) up to 36 h, and intracellular superoxide production was measured at 1, 12, 24, and 36 h. The Staurosporine was added 60 min before NE treatment (protocol 3; Fig. 2 ). The 10 nM dose of Staurosporine was chosen for these studies since this dosage has been shown to block PKC-induced oxidative stress in a human monocyte cell line (22) without inducing apoptosis (51).
PROTOCOL 4: TO DETERMINE WHETHER NE-INDUCES CD14
ϩ MONOCYTE-ENDOTHELIAL CELL ADHESION. CD14 ϩ monocytes were freshly isolated from primary PBMCs using immunomagnetic beads (Miltenyi Biotec) with positive selection approach followed by treatment with PBS (control), NE (50 g/ml), and LPS (1 g/ml) for 36 h (protocol 4; Fig. 2 ). LPS served as a positive control for the NE experiment, since it is a known pro-inflammatory agent that enhances monocyte-endothelial cell adhesion (10, 31) . For this protocol, monocyte-endothelial cell adhesion was performed using a commercially available leukocyte cell adhesion assay kit (Cell Biolabs) (13, 26, 49) . After the 36-h treatments, monocytes were washed to remove any excess NE or LPS from the media before co-incubating them with naive cultured human umbilical vein endothelial cells (HUVEC; American Type Culture Collection) at 37°C for 60 min in 96-well plates. The cellular mixture was washed with serum-free media, and the nonadherent cells were removed. The plate was read following cell lysis on a fluorescent plate reader using excitation and emission filters of 480 and 520 nm, respectively. This protocol was designed to determine the extent to which NE increased surface adhesion molecules on monocytes with the rationale that, after NE treatment, the monocytes would be more adherent to HUVEC compared with control. Although venous endothelial cells and arterial endothelial cells are not expected to be identical, we used naive HUVEC as a platform to test the adherence of the NE-activated monocytes, which is common for such cell adhesion-based assays (1, 7, 10, 41) .
Data and Statistical Analysis
All fluorescence data are expressed as fold changes relative to the control (PBS only) condition at the 1-h time point, which is represented as onefold. However, the one exception is the monocyteendothelial cell adhesion experiments where the data is expressed relative to the control (PBS only) condition at the 36-h time point. In addition, real-time RT-PCR data are presented as 2 ⌬Ct mean Ϯ SE values (⌬Ct ϭ 18S rRNA Ct Ϫ gene of interest Ct) (36) and are normalized to the 1-h time point (set at 1.0).
Statistical analyses were conducted using SigmaStat (Jandel Scientific Software, SPSS) software for Microsoft Windows. All results are presented as means Ϯ SE. When the data were normally distributed, between-and within-treatment and time differences were analyzed using two-way, repeated-measures ANOVA (treatment ϫ time), whereas when the data was not normally distributed, it was log transformed before ANOVA analyses. When a main effect was obtained, Fisher's least significant differences post hoc test was performed. All tests were two-sided, and a P value of Ͻ0.05 was considered statistically significant.
RESULTS
Study 1
NE increases NADPH oxidase subunit gene expression and superoxide production in human PBMCs. In initial experiments, NE at all concentrations studied (50 pg/ml, 50 ng/ml, and 50 g/ml) significantly increased the gene expression for gp91 phox in PBMCs at all time points compared with control, except for 50 pg/ml at 24 h (Fig. 3A) . For p22 phox , NE treatment significantly increased mRNA expression at all concentrations from 6 to 24 h compared with control (Fig. 3B) . The NE-mediated increase in p22 phox expression was delayed compared with gp91 phox since no significant increase was observed at 1 h for any of the NE concentrations. Similarly, p67 phox mRNA expression was not significantly increased at 1 h; however, NE significantly increased p67
phox mRNA expression at all concentrations from 6 to 24 h (Fig. 3C ) except for 50 pg/ml and 50 ng/ml at 24 h. Figure 4 shows superoxide production following NE treatment from our initial experiments in which cells were immediately placed in media and treated with NE. Although NE significantly increased superoxide production with this protocol, there was also an unexpected increase in superoxide production in the control treatment (PBS only) at 24 and 36 h compared with 1 h (P Ͻ 0.05). Thus we modified our protocol to first incubate the PBMCs for 30 h and then, following media supplementation, NE treatments were performed (Fig. 2) . This pre-incubation allowed for a maintained superoxide level during control treatments across all time points (P Ͼ 0.05; Fig. 5 ), and importantly, similar results were obtained in regard to NE treatment in that superoxide production was significantly elevated compared with control treatment (Fig. 5) .
Study 2
NE increases superoxide production in human PBMCs via NADPH oxidase. NE at 50 g/ml increased superoxide production at all time points (12 to 36 h; P Ͻ 0.05). In addition, NE at 50 ng/ml showed significant increases at 24 and 36 h, whereas 50 pg/ml raised superoxide levels at 36 h (P Ͻ 0.05; Fig. 5 ). The addition of DPI to inhibit NADPH oxidase significantly attenuated the superoxide production in the NEtreated cells at 36 h (Fig. 5) 4 at 66 h; P Ͼ 0.05). In addition, no significant difference was observed in the number of viable PBMCs between control and NE (50 g/ml) treatments (P Ͼ 0.05) across time. Also, when the PBMC-derived superoxide production was compared between control and DPI-only treated cells, no significant difference was observed at any time point during the course of the experiment (e.g., 1.1 Ϯ 0.1-fold control vs. 1.6 Ϯ 0.3-fold DPI only at 36 h; P Ͼ 0.05), indicating that DPI also did not affect cell viability.
NE increases superoxide production in PBMCs via ␣-adrenergic receptors. As expected, NE at 50 g/ml increased superoxide production in PBMCs at 12, 24, and 36 h (P Ͻ 0.05; Fig. 6 ). When ␣2-adrenergic receptors were primarily available, intracellular superoxide production remained elevated at all time points. In contrast, although elevated at 12 and 24 h when ␣1-receptors were mainly available, superoxide production was blunted at 36 h (P Ͻ 0.05; Fig. 6 ). The NE-induced increase in superoxide production was unaffected at 12, 24, and 36 h following nonselective blockade of ␤-receptors to isolate ␣-adrenergic receptors (P Ͼ 0.05; Fig. 6 ). Furthermore, when ␤1-and ␤2-receptors were only available for NE binding, superoxide production was significantly blunted at 24 and 36 h (Fig. 6 ). Although treatment with the selective ␣1-adrenergic agonist phenylephrine showed only a trend for increased superoxide production, the ␣2-adrenergic agonist clonidine increased intracellular superoxide production at 24 and 36 h (P Ͻ 0.05; Fig. 7A ) in a similar manner compared with NE (Fig. 6 ). This increase in superoxide production was significantly blunted by the selective ␣2-adrenergic antagonist yohimbine (P Ͻ 0.05; Fig. 7A ), which was independent of time. In addition, when ␤1-and ␤2-receptors were blocked by propranolol, the increase in NE-induced superoxide production remained unchanged at 24 and 36 h (P Ͼ 0.05; Fig. 7B) .
NE increases superoxide production in PBMCs via PKC. The NE-induced increase in superoxide production was significantly attenuated at 24 and 36 h by the selective PKC inhibitor Staurosporine (P Ͻ 0.05; Fig. 7C ).
NE enhances monocyte-endothelial cell adhesion. The adhesion between NE-treated CD14 ϩ monocytes and naive HUVEC was significantly greater compared with control conditions (P Ͻ 0.05; Fig. 8 ). In addition, the increase in the monocyte-HUVEC adhesion due to NE was similar to LPS (P Ͼ 0.05).
DISCUSSION
The major novel finding of our study is that NE induced a sustained increase in superoxide production in freshly isolated primary human PBMCs via ␣-adrenergic receptors, preferentially ␣2-receptors. The observed NE-induced increase in intracellular superoxide production was mediated via NADPH oxidase enzyme complex and required PKC signaling. Several studies performed in animals have convincingly shown that increased superoxide levels in key brain areas, such as the rostral ventrolateral medulla, contribute to sympathoexcitation (4, 33, 44, 53, 54) . Here, we provide the first evidence in humans that NE, the primary neurotransmitter for the sympathetic nervous system, can stimulate the production of superoxide in PBMCs that in turn may contribute to systemic oxidative stress. Furthermore, we demonstrate that stimulation Control NE(50µg/ml) NE(50µg/ml) -α1 only NE(50µg/ml) -α2 only NE(50µg/ml) -β1 only NE(50µg/ml) -β2 only of CD14 ϩ primary human monocytes with NE increases adhesion with naive HUVEC. Overall, these findings indicate for the first time that NE increases superoxide production in freshly isolated primary human PBMCs via NADPH oxidase through ␣-adrenergic receptors, an effect facilitating monocyte adhesion to the endothelium.
PBMCs have recently been identified as one of the primary contributors to circulating ROS. For example, when circulating PBMCs, primarily monocytes, were selectively depleted in mice, systemic superoxide levels were significantly reduced (47) . Restoration of these cells in the circulation reestablished the systemic oxidant status in these same animals, indicating that PBMCs were the major source of systemic oxidative stress (47) . The findings from the present study demonstrated that NE can stimulate PBMC-derived superoxide production via NA-DPH oxidase, identifying a potential contributor to systemic oxidative stress. The importance of NE as a mediator of superoxide production in PBMCs is further substantiated by the work of Schraml et al., in which subcutaneously implanted NE tablets in conscious rats induced significant increases in oxidative stress in circulating leukocytes (40) . Furthermore, Kang et al. showed in mice that splenic macrophages are activated via ␣2-adrenergic receptors and PKC (23) . These findings support the results from the present study that NE acts preferentially via ␣2-adrenergic receptors and PKC in primary human PBMCs to increase intracellular superoxide production.
Various downstream pathways can be postulated to establish a connection between NE and superoxide production. Here, we focused on the NADPH oxidase enzyme complex, which is known to be present in PBMCs (19, 47) . In this regard, we present the novel findings that NE increases the expression of key NADPH oxidase subunit genes with the associated increase in superoxide production in PBMCs. In addition, because PKC has been implicated as a major enzyme for NADPH oxidase subunit phosphorylation and activation, and is also integral to ␣2-adrenergic receptor signaling in PBMCs, we determined the extent to which PKC is involved in mediating the observed NE-mediated responses in PBMCs (3, 23, 52) . Staurosporine significantly attenuated the NE-induced increases in superoxide production, indicating a requirement of PKC. Nevertheless, regardless of the intracellular signaling events involved, our finding that DPI largely prevented the NE-induced superoxide production indicates that NADPH oxidase was the primary molecular source of superoxide under the conditions of our study.
The time course for the increases in the NADPH oxidase mRNA expression induced by NE treatments were somewhat variable, with gp91 phox (catalytic subunit) being significantly increased as early as 1 h (with all NE concentrations), followed by both p67 phox (cytosolic subunit) and p22 phox being increased at 6 h. Interestingly, NE at the highest concentration induced a smaller increase in mRNA expression of gp91 phox than the lower concentrations. This lower mRNA expression might have resulted from negative feedback from the large increases in superoxide production with the higher concentration of NE (20) ; however, mRNA for the other subunits was elevated. For superoxide production, we observed the expected time delay required to translate the mRNA to protein and evoke a functional response. However, despite similar or greater gene expression between the low (50 pg/ml) and high (50 g/ml) NE concentrations used, superoxide production was elevated much more rapidly with the highest NE concentration. One of the reasons for this discrepancy between mRNA expression and superoxide production may be due to posttranslational modification, as suggested by others (20) . Thus, at any given time following the lower NE (pg/ml) treatment, not all NADPH oxidase subunits may be made active and available to form a functional enzyme complex to produce superoxide. However, at high NE (g/ml) concentrations, the stimulus is robust enough to ensure posttranslational modification and activation of all NADPH oxidase subunit proteins to form a functional enzyme complex and increase superoxide production. It is also possible that a threshold may exist such that lower NE concentrations (pg/ml and ng/ml) may bind to the adrenergic receptors but may not be able to produce a strong enough response to activate the downstream pathways and allow the NADPH oxidase enzyme complex to be activated and produce an increase in superoxide. Nevertheless, it is important to note that, over time, the lower NE concentrations produced similar elevations in superoxide to the highest concentration (Fig. 5) . Indeed, all three concentrations of NE significantly increased superoxide production.
In our studies, we chose to use PBMCs as our cellular model since it closely represents the physiological hematopoietic environment in circulation and the known cross talk between innate (monocytes) and adaptive (lymphocytes) immune cells (11, 35, 39) . Thus, functionally, the net response observed from these heterogeneous cell populations is more representative of an intact system as opposed to individual populations of cells. Furthermore, it is important to note that these findings are from primary human cells and not from an immortalized cell line, providing a foundation for future patient studies to examine cellular mechanisms and also potentially to elucidate biomarkers for health and disease (8, 32) . Interestingly, the observed variability in our gene expression data is similar to most physiological data obtained in humans (2) . Although we would expect data derived from a cell line to have less variability, we believe that using freshly isolated primary cells (PBMCs) provided a stronger study design and potentially greater clinical relevance. Also, because these primary cells are a heterogeneous mixture of different cell types such as monocytes and T-and B-lymphocytes, a higher variability may also be anticipated. Although this approach allowed capturing of the potential cross talk present among these cells in vivo, the isolation of each of these immune cells and their individual responsiveness to NE certainly warrants future studies.
In the present study, we did isolate CD14 ϩ monocytes for our adhesion experiments and demonstrated for the first time that NE increases adhesion to endothelial cells. As such, aside from contributions to increases in systemic oxidative stress and potentially further elevations in sympathetic outflow, another deleterious outcome of NE stimulation of PBMCs may be an increase in monocyte adhesion to the endothelium. Indeed, we demonstrate that NE increases cellular adhesion between primary human monocytes and naive HUVEC. These findings are in line with studies performed in mouse models of atherosclerosis, where greater aortic lesion areas were observed in NEtreated animals (46) . In addition, monocyte chemoattractant protein 1 is also increased in such animals, suggesting greater mononuclear cell infiltration into the lesions (46, 50) . We now provide evidence that NE may be an important trigger of such events by making monocytes more adherent to endothelial cells. Because the monocyte-HUVEC co-incubation was performed for only 60 min, there was limited time for the expression of adhesion molecules such as ICAM or VCAM to increase on the surface of HUVEC. Thus the NE-mediated increase in monocyte-HUVEC adhesion is likely due to an increase in the surface expression of adhesion molecules on the monocytes. Importantly, treatment of monocytes with LPS, a known pro-inflammatory agent that enhances monocyte cell adhesion (10, 31) , induced a similar increase in the monocyte-HUVEC adhesion as NE. Additionally, it is important to bear in mind that the pro-atherogenic effects of NE demonstrated by previous studies using in vivo mouse models have been largely attributed to increases in blood pressure (6, 46) . The results from our in vitro experiments indicating that NE increases monocyte-endothelial cell adhesion suggest a novel means by which excessive NE creates a pro-atherogenic state, in addition to its well established pressor effects.
Experimental Considerations
Potential limitations in the design and interpretation of the present investigation should be considered. First, NADPH oxidase protein expression was not measured in conjunction with the mRNA measurements. This was attempted in initial experiments; however, the protein yield for each treatment along with each time point was too low to obtain a reliable measure of the various target proteins. Therefore, we measured the functional outcome of the NADPH oxidase protein (i.e., superoxide production), which was considered more informative than the estimation of the protein content alone. Second, although the specificity of DPI for inhibition of NADPH oxidase has been questioned, most pharmacological NADPH oxidase inhibitors available have approximately similar specificities toward this enzyme (15, 16) . Likewise, although some reports have suggested that DPI may be toxic to cells, we do not believe this to be the primary contributor to the observed blunting of NE-mediated increase in superoxide production by DPI. Indeed, no significant difference was observed for PBMC-derived superoxide production between control and DPI-only treated cells at any time point. If DPI was toxic and killing cells, one would have expected lower superoxide production with DPI treatment compared with control. Nevertheless, we acknowledge that a more effective and specific approach for studying the role of NADPH oxidase would be the use of siRNA; thus future studies should employ this technique. Third, we have used Staurosporine to test the involvement of PKC in the NE-mediated superoxide production in human PBMCs. Although previous work suggests that Staurosporine induces apoptosis in human cells, this effect appears to occur at concentrations above 100 nM (51) . In the present study, we have used a concentration of 10 nM where apoptosis does not appear to occur (51) . Last, the stability of NE in culture for 36 h was not tested in our experiments. However, the increase in gene expression at 1 h and the sustained increase in superoxide with all concentrations suggest that NE remained stable. Likewise, trypan blue measures in our studies showed that the number of viable cells remained unchanged between control and the highest NE concentration (50 g/ml) across time, indicating that NE did not exert any toxic effects due to its potential autoxidation on PBMCs. Based on these observations and other studies using longer NE treatment periods in culture (24), we believe that NE remained stable for the entire period of these experiments. Also, although we have not performed any pulse labeling studies, our protocol was designed to mimic the continual exposure of PBMCs to NE in vivo.
Perspectives and Significance
Numerous studies have reported that systemic oxidative stress is elevated in chronic disease conditions including heart failure, hypertension, and Type 2 diabetes mellitus (9, 19, 33, 37, 38) . Likewise, NADPH oxidase activity has been reported to be increased in disease states, particularly hypertension (5, 15) . Interestingly, many diseases with elevated oxidative stress also exhibit increased basal sympathetic nerve activity (14, 17, 29) . Although the effects of angiotensin II in mediating elevations in oxidative stress via NADPH oxidase (16, 18, 54) as well as in promoting monocyte-endothelial cell adhesion are well known (1, 10), our results provide another perhaps underappreciated novel mechanism by which oxidative stress and monocyte-endothelial cell adhesion can be enhanced in disease states. Furthermore, the findings that NE increases superoxide production via NADPH oxidase in human PBMCs suggest the existence of a positive feedback cycle that may contribute to the concomitant increase in oxidative stress and sympathetic nerve activity in disease states. Indeed, it is plausible that an increase in NE-mediated systemic oxidative stress would cause an increase in central sympathetic outflow that would, in turn, cause more NE release and further increase oxidative stress (4, 33, 44, 53, 54) . Future studies are warranted to determine the potential contribution of this novel mechanism of NE-mediated superoxide production to the concomitant increase in sympathetic nerve activity and oxidative stress in many disease states. We have unpublished, preliminary data in heart failure patients demonstrating increased basal NADPH oxidase subunit protein expression and superoxide production in PBMCs compared with healthy controls. Although these data do not provide cause and effect, given the known high resting sympathetic nerve activity and elevated oxidative stress in heart failure (9, 25) , they do extend the clinical significance of our findings and prompt the need for future studies.
In summary, these findings indicate for the first time that NE induced a sustained increase in superoxide production in freshly isolated primary human PBMCs via activation of NAPDH oxidase. This effect appeared to be preferentially mediated through ␣2-adrenergic receptors and required PKC activation. Perhaps more importantly, we show that NE treatment enhances monocyte-endothelial cell adhesion. Collectively, these data suggest NE can contribute to an increase in systemic oxidative stress through circulating PBMCs, which may have important implications for understanding the link between sympathetic overactivity and systemic oxidative stress in a number of cardiovascular diseases.
